This paper focuses on methodological issues related to quantitative assessments of speech quality after glossectomy. Acoustic and articulatory data were collected for 8 consonants from two patients. The acoustic analysis is based on spectral moments and the Klatt VOT. Lingual movements are recorded with ultrasound without calibration. The variations of acoustic and articulatory parameters across pre-and post-surgery conditions are analysed in the light of perceptual evaluations of the stimuli. A parameter is considered to be relevant if its variation is congruent with perceptual ratings. The most relevant acoustic parameters are the skewness and the Center of Gravity. The Klatt VOT explains differences that could not be explained by spectral parameters. The SNTS ultrasound parameter provides information to describe impairments not accounted for by acoustical parameters. These results suggest that the combination of articulatory, perceptual and acoustic data provides comprehensive complementary information for a quantitative assessment of speech after glossectomy.
Introduction
Malignant intraoral tumours have a high lethality and a noticeable sociopsychological impact. The plexiform musculature of the tongue facilitates the development of invasive tumours (Meley & Barthelmé, 1987) and 6500 new cases were diagnosed in France in 2010 (Ligier et al., 2011) . Clinical treatments have recently improved and a variety of possibilities are now available for the patients: chemotherapy, radiation therapy and surgery.
Surgical treatments of tongue cancers consist of a resection of the tumour and surrounding tissues, which is known as glossectomy. Depending on the size of the tumour, the glossectomy can be further classified as partial or total, and it concerns different types of adjacent structures in the tongue. Usually, if the volume of the resected tissues is large, the resection is followed by a reconstruction. During the reconstruction, a flap is grafted to the remaining tongue tissues, in order to give to the tongue a volume and a form that are similar to the one of the patient before surgery.
The impact of the flap on tongue mobility depends on the volume of the resected tissues (Heller et al., 1991; Dios et al., 1994) , the location of the tumour (Korpijaakko-Huukha et al., 1998) , the mechanical characteristics of the flap (Buchaillard et al., 2007) and its connections to the tongue tissues (Konstantinovic & Dimic, 1998; Bressmann, 2004 Bressmann, , 2007 .
Radiation therapy and chemotheraphy can generate fibrosis, i.e. an excess of fibrous connective tissues. This tends to increase the rigidity of the tongue and to decrease its mobility and flexibility (Bundgaard et al., 1993) . It can also cause xerostomia (drying of the mucosa and the mouth). Xerostomia limits mobility, especially in cases involving contact of the tongue with the teeth or the palate. For all treatments, specific factors such as age and postoperative complications (Kazi et al., 2007; Laaksonen et al., 2011) can slow down and limit the speech recovery.
In summary many factors can influence the quality of speech after clinical treatments of tongue cancer. For speech therapists, quantitative methods are needed to assess speech quality in post-surgery conditions in order to develop (and later evaluate) their rehabilitation programme. Crucially, the consequences of articulatory impairments following the surgery on speech intelligibility need to be further explored in order to be improved.
The goal of this paper is to contribute to the development of a methodology for assessing speech quality, which is based on measurements of specific physical variables, in the acoustic and the articulatory domains. Findings are based on the combination of data recorded from two patients who have undergone a hemiglossectomy: the acoustic signal, ultrasound data on tongue position without calibration and perceptual assessments of speech quality.
The absence of calibration for ultrasound data is an important drawback of ultrasound studies with patients after vocal tract surgery. Their general health state does not allow the use of a helmet (such as the one manufactured by Articulate Instruments Ltd 2008) or any other device for tightly maintaining the head and the probe in a fixed position (Stone et al,. 1995) . The presence of oedema in the first post-surgery condition prevents from having the same position of the probe across assessment conditions due to the temporary swelling of the neck. Solutions based on optical measures have also been proposed (Whalen et al., 2005) . However, this experimental set-up was not available for this study. Consequently, part of the specificity of this work was to address the issue of extracting reliable information from non-calibrated ultrasound data.
Materials and methods

Patients
Two native speakers of French participated in this study (P1, a male, 28 years old and P2, a female, 62 years old). They have undergone a partial glossectomy and a bilateral neck dissection. The right side of the tongue was resected and reconstructed using a musculocutaneous infrahyoid flap.
The resection resulted in a hemiglossectomy. A hemiglossectomy is the resection of half of the tongue longitudinally. In both patients the tip of the tongue was preserved. Patients were recorded once in pre-surgery condition (condition PREOP) and twice in post-surgery condition, namely 1 month (condition POSTOP1) and 3 months (condition POSTOP2) after surgery. Before the first pre-surgery recording (condition PREOP), both patients received chemotherapy. They started to receive radiation therapy 6 weeks after surgery (duration 6 weeks). The radiation therapy occurred between the POSTOP1 and POSTOP2 conditions. Tumours were classified as T4 according to the TNM classification of malignant tumours.
Experimental Data
The corpus was made of 24 CVCVC sequences where C is one of the/t, d, k, g, s, z, ʃ, ʒ/ consonants and V is either/i//u/or /a.Each sequence was repeated 6 times in isolation in a specified order in a quiet room in the hospital. The acoustic signal was recorded together with tongue movements measured with ultrasound. The sampling frequency for the acoustic signal was 22050 Hz. The ultrasound machine was a Mindray DP-6600, the convex probe was a Mindray 35C20EA with a frequency of 3.5 MHz. The ultrasound stream rate was 60 frames per second. The experiment was run using Articulate Assistant Advanced software (AAA) version 2.09 from Articulate Instrument (Articulate Instruments Ltd 2011). The probe was placed under the chin. Lingual imaging data were collected in the coronal and the sagittal plane (three repetitions each) with the AAA software. In this study, only sagittal data were analysed.
Recently ultrasound has become more popular in phonetic research. It is noninvasive technique that does not involve any risk for the patient. In addition, portable ultrasound units have been designed at reasonable cost. It is a useful tool to describe static and dynamic aspects of the shape of the tongue during speech and swallowing (Stone 2005) . The real time display of the shape of the tongue on a screen makes this technique very attractive for speech therapists as a tool for visual feedback. This technique has been used in particular to study pathological speech. Some researchers used it to investigate speech production after glossectomy (Schliephake et al., 1998 , Bressmann et al., 2007 .
Data analysis
The analysis included (1) extracting the spectral and temporal parameters from the acoustic signal, (2) extracting information about lingual movement and tongue positioning in the oral cavity from the ultrasound data and (3) assessing perceptually the quality of the speech produced. The focus was the analysis of the consonants /t, d, k, g, s, z, ʃ, ʒ/ in the centre of the CVCVC sequences, surrounded by a symmetrical vowel context (/i-i/, /u-u/ and /a-a/). Consonantal articulations were chosen in this study because of the precise accuracy in tongue positioning and in the timing of the tongue movements required for their production. Hence, they are very appropriate to the purpose of this study.
Perceptual evaluation
Five speech therapists have participated in a perceptual evaluation of the speech production of the two patients. Two repetitions of each VCV sequence were presented once in a random order (N=144 VCV per patient i.e. 8 consonants x 3 vowel contexts x 2 repetitions x 3 conditions). The judges were asked to rank the quality of the stimuli from 1 (normal), 2 (sightly impaired), 3 (moderately impaired), 4 (strongly impaired) to 5 (unintelligible). The identity of the consonant was given.
Acoustic parameters
The acoustical characterization of all consonants was based on the computation of the spectral moments (1 st moment: Centre Of Gravity (COG), 3 rd moment: skewness and 4 th moment: kurtosis) (Forrest et al., 1988) . Spectral moments inform about the distribution of the energy in the frequency domain. For consonants' classification, the relevance of methods based on the characterization of this energy distribution for the burst or for the frication noise is a controversial issue in the literature (see among others Forrest et al., 1988; Jesus & Shadle, 2002; Jones & Munhall, 2003) . However, based on a number of different trials on our own data, and in line with Forrest and colleagues (1988) , we decided to use and evaluate these spectral moments in the current study.
The timing of the consonantal gesture was also indirectly captured in the acoustical domain via the Klatt Voice Onset Time (VOT) (Stevens & Klatt, 1974) . As compared to the initial definition of VOT (Lisker & Abramson, 1964) , the Klatt VOT includes the transition from the consonant to the vowel. It is more relevant for the purpose of this study, because it accounts for the time properties of tongue movement after the consonantal release. This definition, originally proposed for stops, was extended to sibilants (see below).
The acoustical analysis requires a careful manual labelling of the signal in order to specify the segments of the signal that are relevant for the computation of the spectral moments. The labelling was achieved using simultaneously the time and the wide-band spectrographic representation. It includes four time events as shown in figure 1:
-The offset of the vowel preceding the consonant (V1); it was defined as the first zero crossing with rising edge after F2 vanishes on the spectrogram.
-The onset and offset of the noisy part of the consonant, i.e. the burst for the stops, and the frication noise for sibilants: they were determined on the spectrogram as the beginning and end of the broad band high frequency region (4000-8000 Hz).
-The onset of laminar flow in the vocal tract after the consonant: it is defined as the time where formant F2 re-appears clearly on the spectrogram after the onset of the noisy part of the consonant.
On the basis of these four labels, three durations were determined as seen in figure 1: (1) the total hold duration of the consonant, from V1 offset to the onset of the noisy part for the stops, and from V1 offset to the offset of the noisy part for the sibilant; (2) the noise duration from the onset to the offset of the noisy part of the consonant; (3) the Klatt VOT from the end of the consonant hold part (i.e. the onset of the noisy part for the stops and the offset of the noisy part for the sibilants) to the onset of the laminar flow. In this study, only the noise duration and Klatt VOT were used.
---------------------Insert Figure 1 around here --------------------------
To compute the spectral moments, the modulus of the short-term acoustic spectrum was computed with Digital Fourier Transform (512 points) for a time series of successive Hanning windows of 5 ms, overlapping by 60%, for the whole duration of the noise. Spectral moments were calculated with MATLAB ® , for the spectral envelope in the range going from 2000Hz to 6500Hz, and with a linear decibel scale (dB). The low-frequency part was discarded to remove any potential influence of voicing. This computation consisted of the following steps (Forrest et al., 1988) : (1) the spectrum modulus in dB in frequency range (2000 Hz -6500 Hz) was normalised in amplitude by the integral of this modulus over the frequency range; this normalization provides the spectrum with properties that are similar to those of a distribution of probability P(Sp) of a random variable Sp; (2) on this basis, the mean (m Sp ) of variable Sp, its standard deviation ( Sp ) and the 3 rd and 4 th moments (M3(Sp) and M4(Sp)), from the centred variable (Sp-m Sp ) were calculated; (3) A high COG has been found for anterior phonemes. The skewness parameter informs about the right-left asymmetry of the spectral envelope: the higher the skewness the more the spectral energy is localized on low frequencies (left skewed) as in posterior phonemes. The interpretation of the kurtosis parameter is more complex (see DeCarlo, 1997) . For Gaussian-like distributions of probability it informs about the shape of the curve P(x): the flatter the curve, the smaller the kurtosis. This corresponds to the way Forrest et al., 1988 interpreted this parameter. However, for more complex distributions, the kurtosis depends at the same time on the amplitude of the maximum and on the amplitude of the tails of the distribution. Hence, for a spectral envelope having several local maxima, kurtosis becomes a global way to characterize the shape of the noise envelope of the consonant.
On this basis, it is expected that, in case of reduction of the amplitude of tongue movements, the COG of the anterior consonants (i. The analysis of the variation of the Klatt VOT, the COG, the skewness and the kurtosis across conditions (PREOP, POSTOP1, POSTOP2) was carried out qualitatively. These parameters were considered to provide a reliable assessment of the speech quality after surgery, when they accounted for the perceptual ratings of the stimuli and their evolutions after surgery.
Articulatory parameters
Ultrasound devices measure the distance between the tongue contour and the probe. Hence, ultrasound signals vary both with changes in the tongue position and with changes in the probe position. In order to make sure that the recorded signals informs strictly about changes in tongue position, it is required either that the probe never moves with respect to the head or that probe movements can be detected and corrected. A number of systems have been designed in the past years to maintain constant the position of the probe in relation to those of the head (Stone 2005; Scobbie et al., 2008) . They all have been proved to be helpful and efficient. However, they are physically extremely constraining, and it is not possible to use them with patients who have undergone a surgery of the vocal tract and, often, a neck dissection.
A photography of the location of the probe was used to reposition the probe nearly at the same place across conditions (PREOP, POSTOP1, POSTOP2). In addition, during the recording a special attention was devoted to a careful visual control of the probe position. To check if the probe had kept constant during the production of each stimulus, a rectangle was drawn with a marker at the selected probe location on the patient's skin. However, since the probe was not physically constrained to stay at the same place, the possibility remains that the probe position has changed across stimuli and conditions. Part of the processing of the data was thus conceived in order to find a way to extract relevant information about changes in articulation across conditions, in spite of the lack of calibration. This has been largely inspired by the proposals made by Menard and colleagues in the Phonetic Laboratory of Montréal (Ménard et al., 2012) .
Tongue contours were extracted and smoothed by a sixth degree polynomial function, using MATLAB ® . For the sequences in which the probe did not move much, it was possible to reliably evaluate the relative displacement and deformation of the tongue during the sequence. To do so a parameter that provides a global measure of the speed of deformation and elevation of the tongue contour in the plane defined by the ultrasound beam was developed. This parameter was measured as follows. For a given sequence the origin of the axis system in the plane was set at the location of the lowest point of all the contours taken together. In this plane a contour is defined a function y=F(x), in which the x-axis is the horizontal axis, and x varies in the interval [x min , x max ]. The integral of function F for x varying within [x min , x max ] was computed and this integral was normalized by the difference (x max -x min ). The time derivative of this integral was calculated. This derivative was selected to be the parameter that measures the relative tongue shape changes during each sequence. We named this parameter "Speech of the Normalized Tongue Surface" (SNTS). The time variation of this parameter was approximated with a fourth degree polynomial function (see figure   2 ).
---------------------Insert Figure 2 around here --------------------------
Relevance of the acoustic and articulatory parameters
The methodology to assess the relevance of the acoustic and articulatory parameters that are described above, was (1) to compute these parameters for each of the VCV sequences studied for each speaker, and (2) to investigate which of these parameters that show differences across recording conditions are compatible with the perceptual evaluations.
Results
For each consonant, the data recorded in the /i-i/ and /a-a/ contexts were pooled in a single data set, and no further analysis was made of the specificity of the vowel context. The /u-u/ context was not considered in this study because the protrusion of the lips tends to mask the spectral consequences of changes in tongue position.
Perceptual analysis
Perceptual ratings were first analysed for all consonants together and for each patient separately with a Friedman test, in order to evaluate the global perceptual effect of the "condition" factor (PREOP, POSTOP1, POSTOP2) in the /i-i/ and /a-a/ contexts taken together. There is a significant effect of this factor for both patients (P1: Friedman chi-squared(2)=54.91, p<0.01; P2: Friedman chi-squared(2)=105.22, p<0.01). Post hoc tests were then conducted to compare conditions pairwise. All differences were significant. The significance level was adjusted to 0.0167 for the post hoc tests, following the Bonferroni method. As expected, the perceptual ratings of both speakers' stimuli were the worst for the first post-surgery condition, i.e. a month after surgery (PREOP<POSTOP, PREOP<POSTOP2 and POSTOP1>POSTOP2). The worse perceptual scores were given for patient P2 as it can be seen in figure 4. Mean perceptual results are shown in Figures 3 and 4 , respectively for patient P1 and P2.
---------------------Insert Figures 3 & 4 around here --------------------------
Acoustical analysis
Results are presented in Figures 5 and 6 , respectively for patient P1 and P2.
For the alveolar and post-alveolar consonants, the decrease of the perceptual quality of the stimuli observed for both patients from condition PREOP to condition POSTOP1 is generally associated with a decrease of the COG and an increase of the skewness. This is in agreement with our expectations: after surgery the tongue is less mobile and the amplitude of the forward movements (associated with high spectral frequencies) is reduced. For the velar consonants, the perceptual quality decreases for both patients from condition PREOP to condition POSTOP1 and improves from condition POSTOP1 to condition POSTOP2. The decrease of the perceptual quality is associated with a decrease of the COG and an increase of the skewness. This result suggests that in contrast to our expectations, the reduction of tongue mobility leads the patient to articulate velar consonants at a more posterior position, in the velopharyngeal region and not more forward in the palatal region. This can be explained by the fact that velopharyngeal sounds do not require as much tongue bunching than palato-velar ones. This strategy is consistent with observations made from patients after glossectomy in Savariaux et al. (2000) .No clear relation could be found between the change of the kurtosis and the perceptual ratings.
In sum, in the majority of cases the COG and the skewness parameters provide information that is congruent with the perceptual rating: for all consonants, a decrease of the COG and an increase of the skewness reveal a decrease of the perceptual quality. However, three cases could not be described by these parameters Figure 7 around here -------------------------- In sum, neither the spectral changes, which reflect changes in articulatory position, nor the Klatt VOT can explain the differences in perceptual ratings that suggest a decrease of speech quality from POSTOP1 to POSTOP2 in [s] for patient P1. In the next section, we will show that the time variation of the SNTS provides a possible account for this phenomenon. This is not the case for /isi/. For both sequences, in condition POSTOP2, SNTS varies less and with smaller amplitude than in POSTOP1. This is consistent with the decrease of the speech quality observed from POSTOP1 to POSTOP2.
---------------------Insert
Articulatory analysis
Thus, the decrease of the speech quality observed for patient P1 from POSTOP1 to POSTOP2 condition in the sibilant [s] seems to be due to a reduction of the dynamics of tongue mobility which is captured by the SNTS time variation.
- --------------------Insert Figure 8 around here -------------------------- 
Discussion
On the basis of a perceptual evaluation carried out by five speech therapists, it is shown that the quality of the consonants produced in VCV sequences by the two patients who underwent hemiglossectomy was significantly lower one month after surgery (condition POSTOP1) than before surgery (condition PREOP), and it improved three months after surgery (condition POSTOP2) without reaching the quality of the pre-surgery condition. Three spectral moments, COG, skewness and kurtosis, were computed from the acoustic signal in the burst for the stops and in the frication noise for the sibilants. A specific parameter was extracted from the noncalibrated ultrasound data, the "Speed Normalised Tongue Surface" (SNTS) that should inform, in the absence of calibration of the ultrasound data, about the capacity of the subjects to move and shape the tongue within each VCV sequence.
Changes in the spectral moments COG and skewness corresponded with the perceptual evaluation of a large majority of the analyzed consonants in the /i-i/ and /a-a/ contexts. The Kurtosis parameter did not provide reliable information that could be related to the perceptual ratings. Thus, the kurtosis parameter does not seem to be an efficient parameter to characterize pathological speech produced by glossectomized patients.
In the /a-a/ and /i-i/ contexts, the measures of the Klatt VOT were congruent with the perceptual evaluation when the latter could not be explained by spectral 
Conclusion
The combination of acoustic, articulatory and perceptual data about the speech production of two patients who underwent hemiglossectomy has enabled a first evaluation of the relevance of some specific acoustic and articulatory parameters.
The relevance has been evaluated by the capacity of these parameters to let emerge differences across recording conditions which follow perceptual judgements, and, second, by their capacity to suggest articulatory explanations for these differences.
The COG and the spectral moments give information about tongue positioning that was relevant for speech quality. The Klatt VOT and articulatory measurement provide relevant information for the assessment of the sequences that could not be explained by spectral moments. The articulatory parameter named SNTS provides relevant information in terms of the dynamics of the mobility of the tongue. It has been extracted without any calibration of the ultrasound data. This is an important point, since calibration of the ultrasound data is often not possible with glossectomized patients in a clinical environment. 
Figure Captions
Figure 2
The Speed Normalized Tongue Surface (STNS) parameter.
Step 1: The upper tongue contour y is approximated by a 6 th order polynomial function of the horizontal spatial dimension x (upper panel)
Step 2: The integral of y(x,t) from xmin to xmax is computed and normalized by the distance (xmax-xmin); the resulting variable parameter is named Normalized Tongue Surface; an example of its variation in time is given in the left bottom panel
Step 3: The time derivative of is computed; it is named Speed Normalized Tongue Surface (STNS); an example of its variation in time is given in the right bottom panel.
Figure 3
Mean of the perceptual ratings for each utterance for the 3 conditions for patient P1. The 5
judges were asked to rank the quality of the stimuli from 1 (normal), 2 (slightly impaired), 3 (moderately impaired), 4 (strongly impaired) to 5 (unintelligible).
Figure 4
Mean of the perceptual ratings for each utterance for the 3 conditions for patient P2. The 5
Figure 5
Mean of the acoustic measurements and perceptual ratings for each sequence for /a-a/ and /i-i/ contexts pooled for the 3 conditions for patient P1. Values along the Y-axis are either without dimension (Perception score, Skewness, Kurtosis) or in kHz (COG).
Figure 6
Mean of the acoustic measurements and perceptual ratings for each sequence for /a-a/ and /i-i/ contexts pooled for the 3 conditions for patient P2. Values along the Y-axis are either without dimension (Perception score, Skewness, Kurtosis) or in kHz (COG).
Figure 7
Evolution of Klatt VOT during time for consonants /s/ in /a-a/ and /i-i/ contexts pooled for patient P1 and /t, d, ʒ/ in /a-a/ and /i-i/ contexts pooled for patient P2.
Figure 8
Evolution of the "Speed Normalised Tongue Surface" for /asa/ (top) and /isi/ (bottom) pronounced by P1.
Figure 1
Representations of the 4 events labeled on the acoustic signal. Offset; Laminar_On=Onset of the laminar flow after the consonant.
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